19. Ford J, DeLuca M. A new assay for picomole levels of androsterone and testosterone using co-immobilized luciferase, oxidoreductase and steroid dehydrogenase. Anal Bloc/rem 110, 43-48 (1981 1589-1606 (1980) . 23 . Lundin A, Styrelius I. Sensitive assay of creatine kinase isoenzymes in human serum using M subunit inhibiting antibody and firefly luciferase. Clin Chim Acta 87, 199-209 (1978) . 24. Bjorkhem I, Amer P, Thore A, Ostman J. Sensitive The assay for C-reactive protein has been fully automated as a particle-counting immunoassay. For cerebrospinal fluid, cord serum, and adults' serum its range of sensitivity extends from 1 ig/L to 300 mg/L, with a minimal sample dilution of twofold and a maximal dilution of 50-fold being required. This range is so broad because free antibodies are added to the reaction medium. However, we have used Fab fragments rather than whole antibody to avoid too steep a standard curve and a decrease of agglutination at high concentrations of antigen. For 99 consecutive cord sera examined, the concentrations of C-reactive protein ranged from 7 g/L to 1.750 mg/L. The geometric mean was 50 g/L and the upper normal limit (geometric mean ± 2 SD of the log values) was established at 525 g/L. for some clinical investigations, and several authors have described radioimmunoassay of CRP (6, 11) .
One may envisage at least three applications in which sensitive assays would be useful:(a) in serum of children with recurrent infections, to detect a possible CRP deficiency (12); (b) in cord serum (7) , to detect prenatal infection in situations such as premature delivery or rupture of membrane, when neonates are more exposed to infections; and (c) in cerebrospinal fluid (CSF), in which our preliminary studies indicate bacterial meningitis can be distinguished from other disorders of the central nervous system by a decrease in the ratio of CRP concentrations in CSF/serum.
In cord serum the CRP concentration can be as low as 10 pg/L (7) and in the CSF, as we shall show, <1 gIL. Therefore, the ideal technique for assay of CRP should be one covering the range of 1 g/L to 500 mg/L. PACIA, which has a range of sensitivity for proteins of about 1 g/L up to 100 tg/L (13-15) is suitable for the experimental investigation mentioned above but not for routine applications, which may require 1000-fold dilutions, an operation difficult to perform in a fully automated system such as PACIA. To avoid these massive dilutions, we have tried various procedures such as shortening the incubation time, diluting the latex suspension, and decreasing the density of antibody on the particle surface (16) . These changes altered the shape of the calibration curve: it became less steep but tended to flatten earlier. Consequently, there was no improvement in the effective range of sensitivity. In previous work on the assay of human placental lactogen, we partly solved this problem by adding antiserum to the reaction medium (16) . By competing with the antibodies on latex the antiserum decreased the agglutinating activity of the antigen. However, under these conditions, the decrease of agglutination that was caused by antigen excess appeared at low concentrations of antigen, and sensitivity changed without significantly broadening the range. We will show here that this limitation can be avoided by adding to the reaction medium monovalent antibody in the form of Fab-fragments in place of whole antibody. In this way PACLA becomes particularly suited to measuring those proteins that may be encountered in a wide range of concentrations.
Materials and Methods

Reagents
Glycine-buffered saline (GBS): Per liter, 0.17 mol of NaC1, 0.1 mol of glycine, and 40 mg of Na azide, the mixture adjusted to pH 9.2 with NaOH.
GBS-bovine serum albumin:
Add 10 g of bovine serum albumin (Miles Laboratories, Elkhart, IN 46515) per liter of GBS.
GBS-Tween:
To GBS, add 10 mL of Tween 20 surfactant 
GBS-PEG:
Add 30 g of polyethylene glycol 6000 (PEG; Merck, Darmstadt, F.R.G.) per liter of GBS.
F(ab')2 fragments of anti -CRP IgG:
Fractionate a rabbit antiserum (we used batch 154 507 A; Behringwerke, Marburg/Lahn, F.R.G.) containing 0.69 g of anti-CRP antibodies per liter as previously described (13) to yield a solution containing 3.4 g of F(ab')2-fragments per liter.
Latex: Prepare F(ab')2-fragment-coated latex [F(ab')2-latexi as follows. Wash 1 mL of 0.8-gm particles of carboxylated latex Estapor K150 (containing 100 g of latex per liter; Rh#{244}ne-Poulenc, Courbevoie, France) once with 10 mL of 1 mollL NaCl solution buffered with borate (20 mmollL, pH 8.2). Centrifuge and resuspend the pellet in 2 mL of this same mixture and add 100 mg of water-soluble carbodiimide (Sigma Chemical Co., St. Louis, MO 63178) and shake the mixture for 40 mm. Centrifuge and discard the supernate, resuspend the latex in 2 mL of the borate-buffered saline, and add it to a mixture of 600 tL of F(ab')2 (3.4 mg/mL) and 1 mL of borate-buffered saline. Sonicate the mixture for a few seconds (we used a Model B12 sonifier; Branson, Danbury, CT 06810) then shake it for 3 h at room temperature. Add 1 mL of GBS-bovine serum albumin, recentriflige the latex suspension, and wash the pellet with one portion of GBS-Tween, followed by two portions of GBS-bovine serum albumin. Finally, resuspend the particles in 20 mL of GBSbovine serum albumin and sonicate. Use eightfold dilution of these particles with GBS-bovine serum albumin as the working solution, which can be stored at -20 #{176}C for months without loss of activity. This preparation of latex suffices for 4000 determinations of CRP.
Aggregated F(ab')2-fragments:
Separate
IgG from a pooled specimen of serum from nonimmunized rabbits by treatment with ethacridine lactate (Rivanol) (16) followed by precipitation with half-saturated ammonium sulfate. Digest with twice-crystallized pepsin (Sigma Chemical Co.) in a proportion of 2 mg of pepsin per 100 mg of protein, in acetate buffer (0.1 mol/L, pH 4.5). After 20 h at 37 #{176}C, stop the reaction by increasing the pH to 8 with solid tris(hydroxymethyl)methylamine.
After extensive dialysis against 0.1 mol!L NaHCO3, aggregate the F(ab')2-fragments as follows. To 100 mL of a 10 mg/mL solution of F(ab')2, add 2 mL of a 250 mLIL solution of glutaraldehyde (Serva, Heidelberg, F.R.G.)and incubate the mixture for 30 mm at 25 #{176}C; then add 2 mL of a 35 mL/L solution of ethanolamine (Merck) adjusted to pH 8.5 with HC1, to stop the reaction. Dialyze the aggregated F(ab')2 extensively against GBS.
Fab-fragments
of anti-CRP IgG: Dialyze IgG (1-2 gfL) against phosphate buffer (0.1 mol/L, pH 7) containing, per liter, 10 mmol of cysteine and 2 mmol of EDTA. Add papain, solubilized in the same buffer, in the proportion of 2 mg per 
Additive: This solution of GBS containing 1 g of aggregated F(ab')2 per liter is necessary to absorb possible autoantibodies to F(ab')2, which are present in some patients (17) and which cross react with rabbit F(ab')2-fragments (paper in preparation).
To decrease the sensitivity of the assay, supplement the additive with either anti-CRP IgG, their F(ab' >2 fragments, or their F(ab) fragments.
CRP standards:
Contents of reference sera from Behringwerke (lot 042013D) and Hyland (LAS-R multiparameter reference serum B, lot OBO3A01C) containing, respectively, 80 and 40 mg of CRP per liter were found to agree with their stated values and hence were used interchangeably. Standards were prepared by dilutions of the reference serum in GBS-.bovine serum albumin. However, for the assay in CSF, the diluent contained less bovine serum albumin, 0.1 g/L instead of 10 g/L, because of the low protein concentration of CSF.
Equipment
The equipment consists of a special module called DIAS (Dilutor-Incubator-Agitator-Sampler), a proportioning pump, an optical cell counter electronically modified to count only unagglutinated particles, and a recorder-all from Technicon Instruments Corp. However, further development and commercialization of the technique will be undertaken by Acade, s.a., B-1200 Brussels, Belgium. The basic equipment, described elsewhere (1, 13, 14) , has recently been modified to permit automated pretreatment of samples for the determination of haptens and additional predilution steps ( Figure 1 ). Moreover, a minicomputer (HP 85; Hewlett-Packard, Brussels, Belgium) now controls all operational parameters on DLAS, monitors performance, and prints out the concentration values automatically.
Samples
Serum samples (50-100 pL), centrifuged for 5 mm at 5000 rpm to remove any large particulate material, were poured into cups put into the inner row of DIAS and diluted automatically with GBS-PEG, either 50-fold for sera from adults or 10-fold for cord-blood sera. The cups containing CSF samples, which were used without centrifugation, were put into the middle row of DIAS, which diluted the samples twofold with GBS-PEG. The rest of the analytical procedure was as detailed in the manufacturer's instructions. The curvewith open circleswas obtainedwithoutadditionof free antibodies tionally high value in clinical settings, while the small loss of maximum agglutinability did not affect markedly the dynamic range (Figure 2) . The difference between the results obtained with whole antibody or with the Fab fragments of the antibody was probably related to the monovalency of the fragments rather than to the loss of the Fe fragment, because addition of bivalent fragments [F(ab')2 fragments] had the same effect as that produced by whole antibody.
Assay of CRP in Serum
Serum samples were assayed at 10-fold dilution (for cordblood serum) and 50-fold dilution (for serum from adults). For cord sera the reaction medium was devoid of anti-CRP Fab-fragments, whereas the additive for the assay in adult sera was supplemented with the monovalent antibodies (equivalent of 28 mg of IgG per liter of additive).
Analytical recovery: CRP was assayed in 10 cord sera with concentrations lower than 40 g/L. The samples were then supplemented with 20, 50, and 100 g of CRP per liter. Analytical recoveries were 91.5, 100.2, and 100.7% for thes three groups of samples (Table 1) .
Correlation with immunonephelometry.
Patients' sera were assayed both by PACIA (y) and by immunonephelometry (x) (Disc 120; Travenol International Services Inc., Brussels, Belgium). The correlation coefficient (r) for 105 samples containing CRP in concentrations ranging from 10 to 250 mg!L was 0.97; the regression equation was y = -9.34 + 1.04x (Figure 3) .
Results for CRP in cord serum. For 99 consecutive samples of cord serum, CRP concentrations ranged from 7 ig/L A plot of peak heights or number of free particles vs the log of CRP concentration formed a decreasing sigmoidal curve, extending from 1 to 100 1u.gfL,beyond which the curve was too flat to be usable (Figure 2) . To extend the range of sensitivity, we added anti-CRP IgG antibodies to the additive. As a result (Figure 2) , the curve was shifted to higher antigen concentrations, and at maximal agglutination the number of residual free particles was substantially lower than in the absence of free anti-CRP antibodies. However, the slope of the curve was steeper and the antigen excess caused a decrease of agglutination with lower concentrations of CRP. When Fab-fragments of the IgG antibodies were used in place of the whole IgG, the curves were also shifted to higher concentrations of CRP, but they remained essentially parallel to those obtained without free antibody. The decrease of agglutination due to antigen excess occurred when concentrations of CRP exceeded 400 mgfL, an excep- 
Assay of CRP in CSF
Because of the high sensitivity required in CSF assay, the samples were diluted only twofold; however, this also increased the risk of interference by nonspecific agglutinators or inhibitors. To investigate this possibility, we evaluated analytical recovery in two groups of 15 samples that contained less than 20 pg of CRP per liter and that were supplemented with four different concentrations of CRP; results ranged from 103% to 124% (Table 1) . In most patients (60%) with non-neurological disorders or with multiple sclerosis, CRP concentrations in the CSF were below the detection threshold of PACIA, i.e., <1 g/L ( Figure  4) . The highest values were found in viral and bacterial infections of the central nervous system. Studies now in progress on the CSF/serum ratio for CRP indicate that the CSF protein originates from the serum but also, interestingly enough, that in pyogenic and tuberculous meningitis the concentration of CRP in CSF tends to be lower than expected from the concentration in the serum (ma. in preparation).
Discussion
We have shown (13) (14) (15) (18) . All results were similar, having maximal withinand between-assay CVs of 12% and 13%, respectively, on a prototype instrument. The between-assay CVs (n = 10) for the assay of CRP in CSF ranged from 8 to 12% for samples containing 3.5, 13.3, 69.5, and 239.4 pg of CRP per liter.
In previous work on a1-fetoprotein (13), IgE (14) , and ferritin (15) nonspecific agglutination was avoided by using latex coated with F(ab')2 fragments and a relatively high ionic strength. Despite these measures, a few sera still displayed a significant agglutinating activity on latex coated with F(ab')2 fragments of non-immunized rabbits. We have now elucidated the nature of these agglutmnators, which are anti-F(ab')2 antibodies. Those can be absorbed on aggregated rabbit F(ab')2 fragments as described in Materials and Methods. A detailed study of the interferences by anti-F(ab')2 antibodies and their elimination will be reported elsewhere. In brief, we found that of 126 sera tested for nonspecific agglutination in the presence of aggregated F(ab')2 fragments, only two retained a slight agglutinating activity, decreasing the number of free particles by 2 and 7%, agglutinations that would correspond to theoretical CRP concentrations of 4 and 30 pg/L, respectively.
In six cord-serum samples of our study, CRP values exceeded the normal reference interval. No clinical data were available concerning these neonates. However, about 10% of newborns develop various types of infections within the first week of birth. Some of these infections can be predicted by analysis of the cord serum, particularly by the detection of high concentrations of immune complexes (19) ; it would be interesting to see whether a high concentration of CRP in the cord serum would also be a sign of prenatal infections.
We are grateful to Dr. H. W. Holy for reviewing this paper, and to Mrs. S. Burniaux and F. Hopchet for their skillful technical assistance. This work was supported by Technicon Instruments Corp., Tarrytown, NY 10591.
